Through an orthogonalized impulse-response analysis, I studied the relationship between the variance risk premium, market variance and stock correlations in the French stock market from September 2002 through September 2006, using high frequency data-based measures. Variance risk premium is estimated using realized variances and index options-implied variances and used as a state vector to proxy investors' perceived uncertainty. I found that a shock to variance risk premium causes long lasting increases in the market variance pointing to the limitedness of investors' information-processing capacity. At the same time, the shock generates consecutive increases in realized correlations between individual stocks and the market portfolio. I propose then a possible explanation for the asymmetric/counter-cyclic behaviour of stock correlations.
Introduction
The analysis of comovement between stock returns is of crucial importance in financial risk management as it has important practical implications in asset allocation. A higher correlation among stocks implies lower gains from portfolio diversification. It has been acknowledged that correlations between stock returns do not remain constant over time, tending to decline in bull markets and to rise in bear markets (Lin et al. (1994) , De Santis and Gerard (1997) , Bollerslev et al. (1998) , Ang and Bekaert (1999) , Moskowitz (2003) ). Using the extreme value theory, Longin and Solnik (2001) show that the correlation of large negative returns is much larger than the correlation of positive returns. Ang and Chen (2002) show that the correlation between the U.S. stocks and the aggregate market return is much higher in the market downturns than during the upside movements. Ledoit et al. (2003) show that the level of correlation changes depending on the phase of the business cycle.
In a recent paper Ang, Chen and Xing (2006) found the evidence that downside correlations are higher than the upside correlations, while such an asymmetry is not observed in conditional betas, suggesting that that conditional correlations may be better able to capture the asymmetric nature of risk than conditional betas. Increasing market volatility and decreasing idiosyncratic volatilities in down markets (Duffee (1995)) inhibit conditional betas from fully capturing this asymmetry 1 .
The impact of uncertainty shocks or news is also considered in the literature to study time-varying cross-moments. Kroner and Ng (1998) show that the conditional covariance between large-firm returns and small-firm returns tends to be higher following bad news about large firms than good news. Peng (2005) 1 See Braun, Nelson, and Sunier (1995) , and Chou and Engle (2000) for some work on asymmetric betas.
and Peng and Xiong (2006) develop models where information-processing capacity constraints force investors to make attention allocation decisions. When investors with limited attention tend to ignore firm-specific information, return comovements increase more than that can be explained by the fundamentals. Building on these models, Peng et al. (2007) show that after a macroeconomic shock that affect market-wide uncertainty, investors focus their limited attention to processing market-level information. Only subsequently, after they reduce the market uncertainty to a reasonable level, they shift their attention back to processing firm-specific information.
Recently emerged literature on high-frequency data econometrics provides alternative ways of estimating daily realized covariance and correlation statistics in a non-parametric fashion (Andersen et al. (2001b (Andersen et al. ( , 2003 and Shepard (2004a, 2004b) ). These new techniques ensure us to avoid using arbitrary and wide estimation windows to estimate such statistics. Importantly, it has been shown that the realized correlation statistics delivers approximate normality after a simple transformation. Andersen et al. (2001b) show that there is a "volatility effect in correlation": return correlations tend to rise on high-volatility days.
In this paper, the relationship between shocks to traders' perceived level of uncertainty and realized correlations is studied through an orthogonalized impulse-response analysis. Variance risk premium, defined as the difference in expected variances under risk-neutral and physical measures 2 , is used to capture investors' attitudes towards uncertainty 3 . A standardized shock to variance risk premium is shown to cause a statistically significant and long-lasting increase in the market return variance pointing to limitedness of investors' information-processing capacity 4 . Realized correlations are derived from high-frequency data on 48 stocks in the French market following the method developed by Andersen et al. (2001b) and BarndorffNielsen and Shepard (2004a, 2004b) . Except for six stocks, correlations of individual stocks with the market portfolio increase significantly in the day of the shock. Generally, these increases die out in three days following the shock. Similar increases in correlations are observed also between equiweighted sectoral portfolios and between portfolios of large and small stocks. These results suggest that the limitedness of investors' information-processing capacity may be an important factor behind the observed asymmetric correlations.
The reminder of the paper is organized as follows. Section 2 introduces the methodology used to construct the measures of variance risk premium and realized correlations. Sources and statistical properties of the used data are given in Section 3. Section 4 describes the VAR methodology and presents estimation results.
Section 5 concludes.
2 See, among others, Demeterfi, Derman, Kamal, and Zou (1999) , Britten-Jones and Neuberger (2000) , Jiang and Tian (2005) and Carr and Wu (2008) .
3 Investors demand more compensation for risk when they perceive that the danger of big shocks to the state of economy is high (Bollerslev, Tauchen and Zhou (2009), Dreschler and Yaron (2009) . Variance risk premium is shown to be procyclical, increasing in market downturns that are characterized by high volatility and high risk aversion (Bolllerslev et al. (2010) , Bakshi and Madan (2006) ). Thus, variance risk premium may constitute an appropriate state variable for the correlation analysis.
4 See Kahnemann (1973) and Pashler (1998) for reviews of psychological research on this subject.
Variance Risk Premium and Realized Correlation Measures
The variance risk premium is the compensation for variance risk that stems from the randomness of return variances. It is defined as the difference between the conditional expectation of the future variance under physical and risk-neutral measures over the [t, t + ∆] time interval,
where E P (·) and E Q (·) denote the time t expectation operator under the physical and risk-neutral measures respectively. These measures can not be directly observed in practice and have to be fairly approximated.
To start with, suppose that (n + 1)∆ equidistant price observation are available over the ∆ time interval and let p i(∆/n) denote the ith log-price observation. The realized variance, RV n t,t+∆ , is computed by summing the squared high-frequency returns over the [t, t + ∆] time-interval:
It follows then by the theory of quadratic variation, for increasingly finer sampling frequencies, or n → ∞, the realized variance approximates arbitrarily the unobserved integrated variance, V t,t+∆ .
However, a host of microstructure effects (e.g. irregular trading, discreteness of prices, bid/ask bounce etc.) 6 prevents us from sampling the underlying returns too frequently. An intermediate sampling frequency, say five, ten, seventeen and a half or thirty minutes is employed in order to strike a reasonable balance between confounding market microstructure effects by sampling too frequently and misestimating the actual return variance when sampling too infrequently 7 . In this paper, I adopt five-minutes sampling frequency which is the most commonly used frequency in the literature.
The last term in equation 1, the risk-neutral expectation of the future variance can be computed using option prices. In the case that the underlying asset price is continuous, it can be expressed in a model-free fashion as a weighted average, or integral, of a continuum of a fixed d-maturity options 8 .
where C(t, K) denotes the price of a European call option maturing at time t with strike price K.
Methods used to construct a proxy for the physical expectation vary in practice. Carr and Wu (2008) use the ex-post forward realized variance defined in equation (2) to substitute for the expected return variance.
Drechsler and Yaron (2008) use lagged implied and realized variances to forecast the expected variance.
Todorov ( Recently, Andersen et al. (2001b) and Shepard (2004a, 2004b) proposed new methods of estimating covariance and correlations between asset returns using intraday price observations.
As mentioned earlier, these methods are fully non-parametric and model-free.
Consider a bivariate semimartingale log-price process (x * , y * ). The quadratic covariation between x * and y * is defined as
for any sequence of partitions t 0 < t 1 < . . . < t n with sup j {t j+1 − t j } → 0 for n → ∞.
Under certain conditions defined in Barndorff-Nielsen and Shepard (2004b) the above expression gives the integrated covariance.
where Σ x,y (u)d(u) denote the spot covariance between x and y. One can thus define the realized covariance estimator for day i as the sum of the cross-products of intraday returns, x j,i , y j,i , using five-minutes sampling frequency.
[
Obviously, this covariance measure moves with the volatility of its components. It would be therefore trivial to analyse the behaviour of covariances in high volatility periods. Instead, one can use the correlation measure which is a standardized version of the covariance statistics. stocks/blue chips and 12 are as mid and small caps 11 . These assets are also grouped in sectors following the first level ICB categorisation given in NYSE Euronext site. In the data set, there are 14 stocks in Consumer Services sector, 7 in Technology, 12 in Industrials and 15 in Consumer Goods sector. Table 1 reports selected stocks' names and symbols with their sectoral and capitalisation-based groupings. I constructed also an equiweighted portfolio of these 48 stocks and defined it as the market portfolio. Then, using equation (8) above, I calculated correlations between individual stocks and the market portfolio along with the correlations between the capitalisation-based portfolios and between the sectoral portfolios.
Estimation Strategy and Results
The empirical analysis focuses on the responses of both the market portfolio variance and the realized correlations to artificially generated shocks to investors' percieved uncertainty. To asses these responses, I first estimate a series of bivariate VAR's formulated as follows:
where Φ 1 , Φ 2 , . . . , Φ p are matrices (2x2) containing the VAR parameters to be estimated, C is a (2x1)
vector of model constants and t is a vector of innovations. In this model, the variance-covariance matrix of the innovations, Ω = E( t t ), can be a non-diagonal matrix reflecting the fact that the innovations be contemporaneously correlated. Y t , Y t−1 , . . . Y t−p are (2x1) vectors containing the variables used in estimations.
For all of the estimations, the state variable, the variance risk premium constitutes the first element of these vectors. For each estimation, the VAR order, p, is determined depending on the Akaike Information Criterion.
To ensure approximate normality for the VAR model I take the logarithm of variance risk premium and the market portfolio variance. For the realized correlations I take the following the Fisher-z transformation that transforms correlations to approximate normality.
Once the stability condition is satisfied, the VAR model in equation (9) can be transformed in an infinite order moving average vector model.
11 In order to ensure a reasonable degree of liquidity I selected assets with more than 3000 transaction observations by month.
where the (2x2) moving average coefficient matrices, Ψ j obey the recursion Ψ j = Φ 1 Ψ j−1 + Φ 2 Ψ j−2 . . . + Φ p Ψ j−p with Ψ 0 an identity matrix.
When Ω is not diagonal, the fact that the innovations in the second elements of VAR's tend to move with the innovation generated in the variance risk premium series prevents us from isolating the effect of the latter. Given that Ω is positive definite, there exists a unique diagonal matrix D with positive values along the diagonal and a unique lower triangular matrix A such that Ω = ADA . One can then define a standardized shock process, u t = A −1 t , which is diagonal resulting in the following alternate moving average representation:
Depending on this representation, an orthogonalized impulse-response function is defined as the effect of i th component of a standardized shock process, u i,t , on the process Y j,t at lag n.
where, the lower triangular matrix, A, which must be used to estimate the orthogonalized impulseresponses are calculated using Cholesky decomposition.
The estimation results are given in Table 2 . The first row of the table reports responses of the logarithm of the market portfolio's return variance (LMPV) to a standardized shock to perceived market-wide uncertainty as proxied by the logarithm of the variance risk premium (LVRP). The response of LMPV on the day of the shock is 0.054 and is statistically significant. This can be considered as a trivial result when we refer to well documented effect of uncertainty resolution on price fluctuations 12 . Since the magnitude of uncertainty resolution determines the degree of asset fluctuations, a positive shock to perceived uncertainty will increase the market volatility.
Under efficient market hypothesis, a market-wide shock should cause immediate adjustment of the asset prices. That is, as the investors can resolve uncertainty instantaneously, the full impact of a shock to LVRP should be reflected in LMPV immediately after the shock is observed. In other words, under this hypothesis there should be no significant responses of LMPV after the day of the shock. Related results are at odds with this efficiency hypothesis: responses of LMPV are all positive and statistically significant in all the five days following the shock tending to decline in the last two days. This impulse-response trajectory is consistent with the hypothesis that investors have limited information-processing capacity. Investors can only resolve a finite amount of uncertainty per day.
The other rows of the Table 2 show how this limit on information-processing capacity affects correlation structure in the market. Except for six stocks among forty-eight, a shock to LVRP increases the realized correlations between the individual stocks and the market portfolio in the day of the shock. Generally, this increase in realized correlations can be observed up to three subsequent days with very few statistically significant decreases thereafter up to five days. After a market-wide shock that increases the perceived uncertainty, investors allocate their attention to resolve the market-wide uncertainty which carries more weight in investors' portfolios (Peng (2005) , Peng and Xiong (2006) , Peng et al. (2007) ) and the weight of the market-level uncertainty in the total variance of individual stocks increases. Moreover, since they can not resolve this uncertainty instantaneously because of their limited information-processing capacity, realized correlations between the individual stocks and the market portfolio remain high in the subsequent days.
As a consequence, individual stocks tend to move more with the market portfolio, limiting the gains from diversification when investors are most in need of these gains i.e., during high volatility periods.
Results concerning the realized correlations between four sectoral portfolios and between two capitalizationbased portfolios are given in the last seven rows of the Table 2 . Realized correlations increase contemporaneously with the shock to LVRP and in the three or four subsequent days. The effect of the limit on information processing capacity gives rise to an increase in the realized correlations between assets irrespective of their sectoral or capitalization-based characteristics.
Conclusion
In this paper, I have analysed the effect of a shock to investors' perceived uncertainty, as proxied by the variance risk premium, on stock comovements in the French stock market. Variance risk premium measure is derived from CAC40 intraday index levels and index options prices. Daily variance, covariance and correlation measures are also computed basing on high-frequency trade data concerning 48 individual stocks of different sectors and capitalization levels. Then an equiweighted portfolio of these 48 stocks is constructed to define the market portfolio.
Orthogonalized impulse-responses show that a shock to variance risk premium causes long lasting increases in the market variance pointing to the limitedness of investors' information-processing capacity. As investors can not resolve the market-wide uncertainty instantaneously, the increases in market portfolio variance persist for several days following the shock. When the market-wide uncertainty increases, investors concentrate more heavily on resolving the uncertainty about the market factor at the expense of asset specific factors, as the market factor tends to carry more weight in investors' portfolios. In consequence, individual stocks tend to be more correlated with the market portfolio as shown in the paper.
The results allow us to propose the limitedness of investors' information-processing capacity as a possible cause of the increases in stock correlations during market downturns. This phenomenon of asymmetric correlations plays an important role during financial crisis limiting diversification opportunities when investors are most in need of the gains stemming from diversification. 
